Concrete deteriorates in the presence of organic acids that are present in the fermentation juice of silage, grass or maize. The #oors of bunker and tower silos show severe damages already after a few years of usage.
Introduction
Concrete is one of the most widespread construction materials. Concrete is very durable if it is manufactured with care and exposed to normal conditions, as manifested in a number of existing concrete structures. However, concrete deteriorates rapidly on exposure to organic acids, as described in previous investigations (De Belie, 1997; De Belie et al., 1996; Sangarapillai et al., 1993; O'Donnell et al., 1995) . The susceptibility of concrete to acid attack results from three of its properties: permeability, alkalinity and reactivity.
The permeability of concrete is not necessarily related to its porosity, but depends on degree of connectivity and the size of the pores. The degradation inside the concrete is relative to the quantity and the concentration of acids in"ltrated. In many cases, the permeability of concrete varies as the process of attack continues. Sometimes, the permeability increases to the same degree as the loss of material, but in other cases the material released acts as inhibitor, reducing the permeability by clogging pores.
The resistance of concrete to chemical attacks depends also on its alkalinity, the chemical composition and the reactivity of the cement. Concrete cannot resist to an aggressive chemical environment inde"nitely. Due to its relative high content of free lime, Portland cement is not resistant to an acid environment with a pH lower than 6. Composite cements with blast furnace slag, silica fume or #y ash contain less free lime. However, they cannot resist silage juice with a pH lower than 4)0 either.
The chemical resistance properties of di!erent cements described previously were substantiated by an investigation (Weydert, 1998) This study investigated the chemical resistance properties of concrete, asphaltic concrete and mastic asphalt. In asphaltic concrete cement is replaced by a bitumen mortar that consists of bitumen and a "ller material. The granulate (aggregate) used in asphaltic concrete is continuously graded similar to the grading used in concrete. Mastic asphalt contains larger proportions of bitumen mortar and "ne aggegate and a smaller proportion of coarse aggregate. A harder grade of bitumen is used in mastic asphalt. The strength of asphalt mixes depends on the sti!ness of the "ller/bitumen mortar. Thus, mastic asphalts are relatively stronger but expensive compared to asphaltic concrete. Six di!erent types of concrete, three types of asphaltic concrete and three types of mastic asphalt were exposed to silage juice of maize in order to test their resistance. Two tests lasting for a period of four weeks were carried out. The permeability of asphaltic concrete was tested and forage in contact with asphalt was analysed for eventual toxic residues.
Equipment and method

Chemical resistance
Test 1 was carried out between 2 March 1998 and 20 April 1998; Test 2 between 20 April 1998 and 25 May 1998. Each test comprised four periods of one week during which the specimen were exposed to silage juice. After each week the specimen were removed, dried in a kiln at 503C for 48 h and were then weighed.
Equipment
Previous investigations have shown that the degree of attack increases if the concrete is alternatively immersed and dried. Therefore, a conveyor was built on which 24 specimen were "xed. The conveyor allowed a cyclic dipping (3 cm) of the specimens into a container with silage juice (capacity 140 l ), followed by drying by radiation (Fig. 1) . The rotation speed of the conveyor was approximately one rotation per hour, the immersion period lasted about 20 min per rotation.
¹ypes of concrete, asphaltic concrete and mastic asphalt
Four specimens of each type of concrete, asphaltic concrete and mastic concrete were made under laboratory conditions according to Swiss standards (Jenni, 1998a (Jenni, , 1998b Weiss, 1998a Weiss, , 1998b and European standards. Their main characteristics are presented in Tables 1}3.
Two specimens were used in the "rst test, the other two in the second test. For concrete and mastic asphalt, parallelipipedal samples were used, whilst for asphaltic concrete the samples were cylindrical. The samples had the following dimensions: concrete, 20 cm by 20 cm by 8 cm; asphaltic concrete, diameter 10 cm and height of 7 cm; and mastic asphalt, 20 cm by 20 cm by 3}5 cm height.
Silage juice
The silage juice used for this experiment comes from the variety of maize Granat, LG 2243, harvested in 1997 between 22 September and 7 October. This silage was stored in four tower silos. Three of the silos were made of wood, one of enamelled steel.
The dry matter content of the corn was between 29 and 32% during the harvest. About 3 m 3 silage juice have been collected and "lled into three tanks, each with a capacity of 1 m 3 . Tank 1 was "lled in 7 weeks, tank 2 in 9 weeks and tank 3 in 14 weeks after the harvest. Table 4 compares the composition of the silage juice used during the "rst and the second test. The silage juice of Test 1 has not been stabilized with proprionic acid (0)20 g kg\), whilst in Test 2 approximately 1% of proprionic acid (9)30 g kg\) was added to the silage juice in order to limit the growth of fungus. The ambient temperature during the second test was 2 to 33C higher than during Test 1. The pH was the same (3)86).
Permeability of asphaltic concrete
According to water protection regulation silos must be impermeable, in order to avoid water pollution due to silage juice. Silage juice from maize has a biological oxygene demand (BOD) value of about 50,000 (Jakob & Van Caenegem, 1993) .
The impermeability of asphaltic concrete depends mainly on the degree of compression. The hollow space should be less than 3)5%. In order to test the permeability, one specimen of each type of asphaltic concrete was enclosed with a steel cylinder. The space between the sample of asphalt and the steel cylinder was sealed with acid-resistant kit. The specimens were covered by 2 cm of silage juice. During a period of 6 weeks, the bottom of the specimens was observed to detect any leakage.
Physiological safety
In Switzerland, asphalt containing tar instead of bitumen was not allowed for a long time. Tar and bitumen M. WE YDERT E¹ A¸. Note: Crystalline, 96% granite, 3% gneiss, without limestone; W/C, water/cement; CEM I, 100% Portland cement; CEM III, Mixture of Portland Cement and blast furnace slag; Rheobuild, plasticising and water-reducing agent. silos with a #oor of asphaltic concrete. Six of those samples had been in direct contact with asphalt, six others were taken at the height of 1 m. The content of 16 di!erent polycyclic aromatic hydrocarbons in those 12 samples, has been determined at the Swiss Federal Laboratories for Materials Testing and Research (EMPA) according to the procedure recommended by the environmental Protection Agency of the USA. Table 5 shows the results of Tests 1 and 2. Concrete VI (with limestone) lost approximately eight times more weight (411 g) than the other types of concrete (50)5}69)1 g). Concrete II (water}cement ratio 0)61) lost approximately 15% more weight than concrete I (water}cement ratio 0)52). Concretes III}V with composite cement (#y ash, silica fume or blast furnace slag) were not signi"cantly better than concrete I with pure Portland cement.
Results
Chemical resistance
=eight losses of concrete samples
=eight losses of asphaltic concrete and mastic asphalt
From the results of Tests 1 and 2 (Table 5) : asphaltic concrete II was more resistant (9)9}16)7 g) to organic acids than asphaltic concrete I and III (27)9}37)2 g); asphaltic concrete I and III showed similar resistance to organic acids; the weight loss of mastic asphalt II was higher (14)2}16)6 g) than of mastic asphalts I and III (8)3}11)6 g); mastic asphalts I and III showed similar resistance to organic acids; and the better resistance to organic acids of asphaltic concrete II and mastic asphalts I and III is probably a result of the higher bitumen content (presence of Trinidad).
The following overall conclusions can be drawn. Asphaltic concrete and mastic asphalt have a higher resistance to organic acids than concrete. Mastic asphalt better resists organic acids than asphaltic concrete except asphaltic concrete II that had approximately the same bitumen content.
Permeability of asphaltic concrete
During the entire observation period, the underside of all specimen remained dry. This proves that asphaltic concrete is impermeable. To avoid leakages, the joint of #oor and walls must be adequately sealed.
Physiological non-objection
Analyses carried out by the EMPA showed that there were no toxic residues in the forage that could be traced to the contact with asphalt (Koller, 1999) . 8 )2 1 4 )7 1 0 )6 7 9 )3 2 3 5 )2 4 0 )1 2 5 )2 2 7 )4 2 5 )0 176)0 3 4 7 )9 5 7 )0 3 8 )5 3 9 )1 3 7 )8 296)0 4 5 6 )3 6 9 )1 5 1 )2 
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The analyses were concerned exclusively with asphalt made with bitumen. Although tar is no longer used in Switzerland, the risk of "nding it in silo #oor still exists when recycled asphalt is used. Consequently, silo #oors should only be built with new asphalt.
Financial considerations
Silo #oors can be constructed in di!erent ways. Each type of construction has di!erent building costs, repair costs and useful lifetime. The lifetime of a silo is di$cult to estimate. The timing for a complete renovation depends not only on the degree of deterioration, but also on the requirements of the farmer. If the silo is accessible to animals (self-feeding), the quality of the surface #oor must be higher than if the silo is only a storage place for forage. In the comparison of four #oor types, one of concrete, one of concrete and asphalt and two of asphalt in Table 6 , the lifetime of the whole silo (#oor and walls) is estimated at 25 years. After 15 years, the #oor is assumed to require renovation. The concrete #oor, expected to have deteriorated much faster than the other types, is assumed in need of repair (after 10 years). The total calculated costs C after 25 years comprise costs for building, renovation and repair with an interest rate of 4%. Please note that over the 25 year period there will be one renovation of asphalt #oors but two repairs to concrete #oors, at the end of year 10 and year 20, respectively. However, only one is assumed in the equation shown. Thus, the equation should be rewritten as
where B is the building cost; R the renovation cost; r the repair cost; and i the interest rate.
According to the results, asphaltic concrete applied in one layer (minimum 7 cm) is of lower cost than concrete (minimum 16 cm). On the other hand, concrete is more suitable for &do-it-generally' (DIY) construction. Asphalt #oors have to be built by a specialized company. Floors with a top layer of asphaltic concrete on a supporting 155 RESISTANCE OF CONCRETE TO SILAGE JUI CE layer of concrete or asphaltic concrete are the most expensive variants.
Discussion
¹he experimental method
The experimental method with stationary juice and moving specimens is very well adapted for these kinds of tests for the following reasons. This method simulates the real conditions in a bunker silo: alternative drying and humidifying of the #oor as well as a constant pH. The pH remained nearly constant during the experiment, because of an equilibrium between the increasing acidic concentration of the silage juice (as a result of evaporation) and the increasing alkalinity (as a result of chemical reactions). The tests could carried out with a relatively small quantity of silage juice (1000 l per test). The di!erent specimens were exposed to identical conditions. The di!erent types of concrete, asphaltic concrete and mastic asphalt tested in this experiment are well known and suitable for practical use.
Results
Concrete
By analysing the results of this investigation, it was observed that: an increase of the water/cement ratio reduced the quality of concrete; the partial replacement of Portland cement by #y ash, silica fume or blast furnace slag did not improve the chemical resistance of concrete to acid attack by silage e%uent; and limestone granulates should not be used for constructing silo #oors.
Asphaltic concrete and mastic asphalt
By analysing the results of this investigation, it was observed that the chemical quality of the asphaltic concrete and the mastic asphalt depended on the bitumen content; mastic asphalt was more resistant to organic acids than asphaltic concrete, (due probably to the smaller surface of attack of the mastic asphalt; with a "ner texture); asphaltic concrete was impermeable to silage juice; and forage in contact with an asphalt slab did not contain more toxic residues than forage that was not in contact with asphalt.
Conclusions
Currently, the majority of bunker silos (in Europe) are constructed with a concrete #oor. After a few years, most of these silos are severely deteriorated by silage juice. This investigation shows, that the type of cement has only a minor in#uence in enhancing the resistance to silage juice. The type of granulates is much more important. The granulates should be crystalline and contain no limestone. The water/cement ratio should not exceed 0)50. Asphaltic concrete can be a good alternative to concrete for the following reasons. It resists better the attack of silage juice. When it is applied in one layer, asphaltic concrete is, in the long term, less expensive than concrete. The chemical resistance of asphalt depends mainly on its bitumen content. Properly compacted asphaltic concrete is impermeable. Forage in contact with an asphalt #oor that is made with bitumen does not produce toxic residues which could be attributed to the contact with bitumen.
